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FIGURE 10
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FIGURE 11
Ball of foot trials with Wool Pedot spot pressure
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FIGURE 12
Ball of foot trials with Wool Pedot spot pressurs
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FIGURE 14

Heel trials with Waol Pedot spot pressure sensor

[—predict P (kPa)]
250 rchig .
= 200 ! f \ happmgiiifgt
%163 {,, r‘ - J J
& 100
(L
50
LﬁJM}J"de?"“‘JwUl’l

40 5 £0 85 B0
Time {secs)

[m&mhm




U.S. Patent Nov. 17, 2015 Sheet 8 of 10 US 9,186,092 B2

FIGURE 15
Step 1.
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FIGURE 16

Right foot

H1 = inside heel Fabric sensor
H2 = outside heel Fabric sensor
H3 = middle heel Fabric sensor
M1 = inside foot area just behind big toe Plastic sensor

M2 = middle foot pad area just behind toes  Plastic sensor
M3 = outside foot pad area just behind toes  Plastic sensor
BT = big toe Plastic sensor
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SYSTEM, GARMENT AND METHOD

This application is a filing under 35 U.S.C. §371 of Inter-
national Patent Application PCT/AU2008/001245, filed Aug.
22,2008, which claims priority to Australian Application No.
2007904520, filed Aug. 22, 2007, the entirety of each is
hereby incorporated herein by reference.

FIELD AND BACKGROUND OF THE PRESENT
INVENTION

The present invention relates to a system and garment that
incorporates sensors that can be used for measuring or moni-
toring pressure or forces in feet, the stumps of limbs of an
amputee that are fitted with prosthetic devices, or any other
parts of the body that are subject to forces such as the buttock
while seated or when external pressure inducing devices are
employed, for example, pressure bandages. The invention
may also incorporate other sensors for monitoring physical
conditions such as temperature, strain, stress or angulation or
sensors for monitoring physiological conditions such as the
make up of sweat or body exudate. Moreover, the invention
also relates to a method to monitor or diagnose any foot or
limb related activity for recreational, sporting, military or
medical reasons and is particularly aimed at the treatment of
neuropathic or other degenerating conditions.

Diabetes, alcoholism, uremia, AIDs, or nutritional defi-
ciencies are conditions that are well known as causing dam-
age to nerve endings known as peripheral neuropathy. Other
less common causes include exposure to cold or radiation,
physical injuries, a few medicines, toxic substances, vascular
or collagen disorders, systemic lupus erythematosus, sclero-
derma and rheumatoid arthritis. Symptoms of peripheral neu-
ropathy are usually in the form of pain, numbness, tingling,
burning or a loss of feeling. The symptoms may also include
a sensation that you are wearing an invisible glove or sock; a
burning or freezing pain; sharp, jabbing or electric pain; and
an extreme sensitivity to touch.

Diabetes also affects the circulation. Poor circulation can
affect the ability of the body to heal when damage occurs.
Healing can take a while and it is imperative that pressure is
removed from the area and good wound dressings are used,
infections can spread, the ultimate of this process is an ampu-
tation. Neuropathy is the commonest complication of diabe-
tes and usually arises within 5 years of the onset of the
disease. Fifty percent of patients with neuropathic joints
require some degree of amputation within 5 years.

Patients with peripheral neuropathy demonstrate a signifi-
cant increase in loading time, mainly at the heel and at the
metatarsal area of the foot, and they demonstrate a reduction
at the hallux: i.e. they become flat footed and acquire a hip-
based walking strategy.

It has been established from discussions with leading
world podiatrists and clinicians that a means for obtaining
early diagnosis oridentification of at risk patients would be of
enormous advantage enabling early intervention to assist
patients with long term solutions. What is required is a device
that can provide a measured record of daily activity at the
foot.

One attempt to address this problem is the Pedar system
which is pressure mapping system developed by Novel,
Munich Germany. The system monitors local loading of the
foot inside the shoe and is used for:

gait analysis

rehabilitation assessment

shoe research and design

aiding in shoe prescription and orthotic design

10

25

40

45

55

65

2

field testing of sport applications

kinetic analysis of free gait

However, the system is not suitable for elderly or frail
persons or extended wearing by persons with venous illnesses
such as diabetes. The other serious limitation is that these
devices are shoe inserts and are therefore only effective when
the person is wearing shoes. It is however desirable to gather
information for all walking behaviour with and without
shoes.

Another attempt is described in German patent
DE10314211 which relates to a sock that has a grid of con-
ducting yarns that provide pressure measuring at points of
intersection when a person is walking. The pressure-sensitive
material extends over the entire foot region and provides an
insight on the distribution of loads but does not measure
pressure or loads in absolute terms nor does it measure other
factors such as temperature and strain.

SUMMARY OF THE INVENTION

According to one embodiment of the present invention
there is provided a system that is worn by a user to monitor or
sense pressure either separately or in combination with any
one or more of temperature, stress, strain, angulation or a
physiological condition such as the make up of sweat or body
exudate, the system including:

a) one or more than one discrete pressure sensor that can be
fitted to, or worn against surfaces subjected to forces or pres-
sure that include, but are by no means limited to, feet or
stumps of a limb of an amputee; and

b) electrical circuitry that receives signals from the sensors;

whereby, when in use, each sensor is able to be positioned
at desired locations on the surfaces subject to forces or pres-
sure of a user to monitor or sense pressure at the location of
the sensors.

Throughout this specification, references to surfaces of a
user subject to a forces include side surfaces such as the ankle
or upper parts of the foot, and is not limited to parts of the
body that are necessarily required to carry the load of the
person such as the sole of a person’s foot while walking or the
buttock of the person while seated.

In addition, the words “pressure” and “forces” are used
synonymously throughout this specification.

One of the advantages of the present invention is that the
sensors may be strategically located to sense and monitor
changes to a foot or limb condition throughout daily activity.
In the instance when the invention is being used to monitor the
pressure or forces on a person’s foot, a clinician can position
the sensors based on their understanding of the walking char-
acteristics of the user to obtain the most relevant data from the
sensors. In other words, the invention allows a level of cus-
tomization to be achieved for individual users.

Preferably, the sensors are movable and can be selectively
moved around different locations to monitor different parts of
the user.

Preferably, the system includes a substrate that can be worn
by, or fitted directly or indirectly to the surfaces of the user
being monitored, and said sensors are fixed or moveably
connected to the substrate.

According to another embodiment of the present invention
there is provided a system that is worn by a user to monitor or
sense pressure either separately or in combination with any
one or more of temperature, stress, strain, angulation or a
physiological condition such as the make up of sweat or
exudate of the user, the system including:
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a) a flexible substrate that can be worn by, or fitted directly
or indirectly to surfaces of a user subject to pressure or forces
such as, but by no means limited to feet, or stumps of a limb
of an amputee; and

b) one or more than one discrete pressure sensor fixed or
movably connected to the substrate,

wherein the substrate and sensors can be worn directly or
indirectly against surfaces of the user and the sensors can be
positioned at desired locations without causing an increase in
pressure in the load bearing surfaces as result of the presence
of the pressure sensors.

One of the advantages of the present invention is that use of
the sensors do not have any physical effect that could in any
way cause adverse effects to the foot or limb at points of
contact.

Preferably, the system includes circuitry that receives sig-
nals from the sensors.

According to another embodiment of the present invention
there is provided a garment that is worn by a person to monitor
or sense pressure either separately or in combination with any
one or more of temperature, stress, strain, angulation or a
physiological condition such as the make up of sweat or body
exudate, the garment including:

a) a flexible substrate that can be worn by, or fitted directly
or indirectly to surfaces of a user subject to loads or pressure
such as, but by no means limited to feet, or stumps of a limb
of an amputee; and

b) one or more than one pressure sensor fixed or movably
connected to the substrate,

whereby, when the substrate is fitted or worn to the user,
each pressure sensor is able to be positioned at desired loca-
tions on the surfaces of the user.

The position of the sensors is able to be adjusted by adjust-
ing the position of the substrate on the user or, in the situation
where the sensors are removeable, the position of individual
sensors on the substrate may also be moved.

According to yet another embodiment of the present inven-
tion there is provided a garment that is worn by a person to
monitor or sense pressure either separately or in combination
with any one or more of temperature, stress, strain, angulation
or a physiological condition such as the make up of sweat or
body exudate, the garment including:

a) a flexible substrate that can be worn by, or fitted directly
or indirectly to surfaces of a user subject to loads or pressure
such as, but by no means limited to feet, or stumps of a limb
of an amputee; and

b) one or more than one pressure sensor fixed to removably
connected to the substrate,

wherein the substrate and pressure sensors can be worn
directly or indirectly against surfaces of the user and the
sensors can be positioned at desired locations without causing
an increase in pressure in the surfaces of the sensors.

According to another embodiment of the present invention
there is also provided a method of monitoring or treating a
patient, the method including the steps of:

placing a pressure sensitive garment, sleeve or bandages in
contact with the buttock, hand, foot or limb of a patient; and

monitoring the pressure readings attributable to either the
weight of the patient or the pressure applied externally to the
patient, for example, the pressure gradient applied by pres-
sure bandages to a limb of a patient.

The step of monitoring may involve analysing the signals
of pressure sensors located on any one or more part of the
patients foot such as the ball, heel or toes of a patient includ-
ing big toe, 1%, 3’ and 5* metatarsal.
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The method may also include the patient performing dif-
ferent movements such as walking, running, jumping, stop-
ping and moving from a stationary position.

The method of the present invention may also include any
one or a combination of the features of the pressure sensitive
garment, sleeve, bandages or system as described herein.

DETAILED DESCRIPTION

A series of preferred features that may apply equally to
both the system, garment and method embodiments of the
invention will now be described.

The ability of the sensorto not cause an increase in pressure
at the surface of a user subject to loads or pressure may be
achieved by a number of ways. For example, the substrate
may contain recesses that house the sensors so as to provide a
continuous smooth outer surface and the housing and sensors
have substantially the same hardness or compression charac-
teristics so as to maintain a relative smooth surface when the
substrate is under load. However, rather than providing
recesses in the substrate that accommodate the sensors, pref-
erably the sensors have a low profile that is equal to or less
than 5.0 mm in thickness, even more preferably equal to or
less than 3.0 mm in thickness, and suitably less than or equal
to 1.0 mm in thickness.

Even more preferably, the sensors have a thickness that is
equal to or less than 0.5 mm, 0.05 mm, or suitably equal to or
less than to 0.01 mm.

Preferably, the area of the sensors facing the user is equal to
or less than 400 mm?, and suitably equal to or less than 100
mm?, or even more preferably less than 50 mm?.

In the situation where the sensors are removably attached
to the substrate, suitably, the sensors can be held in position
on the substrate using either one or a combination of adhesive
materials including releasable adhesives or sticky adhesives,
hook and loop type fasteners, clasps or any other mechanical
fasteners that has a lower profile or does not have an adverse
effect on the user by creating an increase in pressure at a
particular point.

According to an alternative embodiment, it is also possible
for the sensors to be integrally incorporated in the structure of
the substrate. For example, the sensors may be in the form of
material located in discrete areas or selective areas that have
been physically or chemically treated so as to be able to
behave as a pressure sensor. Pressure sensitive material may
be in the form of foam or fibrous material coated with con-
ductive material, or pressure sensitive conductive fibres or
yarns that are either be added to a garment or form an integral
part of the garment. For example, the substrate or a portion of
the substrate may behave as a pressure sensor as a result of
being treated with a conductive material in the form of a
polymeric material such as polypyrrole or poly(ethylenediox-
ythiophene) PEDOT. The substrate may be any substrate
including woven fabrics, non-woven fabrics, knitted fabrics
such as single or double knitted jersey, terry knits and alike.

The substrate or the portion of the substrate treated with the
conductive polymeric material may include electrodes in the
form of two conductive threads, such as metal coated threads
and suitably silver coated threads that measure changes in
electrical potential difference between the threads. Suitably,
the threads are spaced apart by a spacing in the range of 2 to
15 mm and ideally approximately 5 mm in a direction trans-
verse to the direction in which the substrate compresses when
a pressure is applied to the substrate.
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Suitably the substrate when treated with conductive mate-
rials behaves as a pressure sensor whereby pressure applied to
the substrate is proportional to the inverse of voltage change
across the sensor.

In the situation where the sensors measure are used for
monitoring the biomechanical movement of a user’s foot, for
example as may be useful for podiatry, neuropathy or orthot-
ics investigations, analysis and treatment, preferably, the sen-
sors are able to be located at the heel and metatarsal region of
the foot. For example, the sensors may be located in a trian-
gular formation at the heel of the user and located in align-
ment with the 1%, 3% and 5” metatarsal of the foot.

One or more sensors may also be located in the arch of the
user foot.

Although it is possible that the sensors may be located
between layers of the substrate, or embedded in the substrate,
preferably, the sensors are located on an inner surface of the
substrate that directly faces the surface of the user or an outer
surface of the substrate that faces away from the user.

The substrate may be any form of garment depending on
the particular application and body part being monitored such
as socks, stockings, underpants, long johns, a singlet or a
tubular sleeve. In the situation where feet of a diabetic or the
stumps of an amputee are being monitored to prevent, for
example, the formation of ulcers, preferably the substrateis in
the form of a sock or stocking. The sock or stocking may be
made from any suitable material and have any structure
including knitted, woven or non-woven structures. It is also
possible that the substrate may be in the form of an insert,
bandage, sleeve, flexible planar materials, pads or inner gar-
ments that covers a foot or limb of a user. One of the advan-
tages of this embodiment is that pressure sensors can be used
to effectively measure the pressures applied by the bandages
and thus provide a valuable means to determine the pressure
gradient created by any pressure bandaging system. Applica-
tions involving monitoring and controlling pressure gradients
produced through pressure bandages can be used for treating
venous leg ulcers or lymphoedema. In addition, the pressure
sensors can also provide a means to determine the perfor-
mance of pressure bandaging on patients while the bandages
are in use and the effect on the patient when moving from
supine to standing positions.

According to another embodiment of the present invention,
the garment may be in the form of a sleeve, suitably, a high
stretch low pressure sleeve having pressure and temperature
sensors. Once in place on a patient’s limb, preferred pressure
bandages can then be applied over the sleeve in a manner to
produce the desired pressure gradient that is readily displayed
as the bandages are applied.

In another example the garment can be used to monitor the
pressure on a user’s foot. The substrate, when used for this
application and in other applications may be in the form of an
insert that covers particular sections of a foot such as the
metatarsal area of a foot, the heel of the foot, the arch of the
foot, or the upper face of the foot. According to one particular
embodiment, the substrate may be in the form of an inner sock
that covers the footup to the ankle and not the lower calf of the
user and a conventional sock, covering the inner sock, ankle
and calf of the user may be worn over the inner sock.

Preferably, the electrical circuitry is made up of at least two
separable parts. Preferably the circuit includes a first part of
the circuit that is disconnectable from the substrate such that
it can be disconnected and reconnected from the substrate as
desired. In the situation where the substrate is in the form of
a sock, preferably the first part of the circuit includes valuable
reusable components of the electrical circuit including: signal
conditioning or manipulation for example to counteract noise
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from mains electricity, data storage, data processing units,
data transmission units and optionally power sources such as
batteries. Depending on the particular application, the batter-
ies may be rechargeable. Ideally, the components are con-
tained in a housing that can be detachably connected to the
substrate. Fastening means such as hook and loop type fas-
teners, couplings, clasps and press fasteners may be used to
secure the housing in position to the substrate.

Preferably, the second part of the electrical circuit includes
the sensors and leads that extend from the sensors to first part
of the circuit.

Preferably, first part of the circuit and housing weighs less
than 300 grams, suitably less than 200 grams and even more
preferably less than 100 grams.

Preferably the first and second parts of the circuit contain
co-operating pairs of contacts that electrically interconnect
the first and second parts of the circuit. For example, the leads
of the second part of the circuit terminate in pairs of contact
surfaces, hereinafter referred to as the second contact surfaces
and the housing containing the first part of the circuit also has
a co-operating pair of contact surfaces, hereinafter referred to
as the first contact surfaces. Suitably, the first contact surfaces
face outwardly from the back or underside of the housing that
is positioned against the substrate. In the situation where the
substrate is in the form of a sock, preferably the second
contact surfaces are located at the upper section or adjacent to
the opening of the sock.

The leads may be in the form of conductive fibres, yarns or
threads or ribbon and bus connections that are supported by
the substrate. Although it is possible that the leads may be
incorporated in the substrate preferably, the leads are sewn,
knitted or woven to the substrate so that the substrate can flex
and/or stretch in substantially the same manner as if the
conductive yarns were absent. For instance leads in the form
of ribbon and bus connections may flex and stretch in an
elastic or resiliently deformable manner.

Alternatively, in the situation in which the leads such as
ribbon and bus connectors are not elastic or resiliently
deformable, it is possible that the leads may be supported on
the substrate so as to move between a corrugated or tortuous
condition, while the substrate is not flexed or stretched, to an
at least partially or fully straightened condition, when the
substrate is flexed or stretched.

Preferably, the system and garment of the present invention
may also include any one or a combination of sensors for
monitoring or sensing temperature of the user, stress and
strain of parts of the user, angulation of particular parts of the
user or sensors for monitoring physiological conditions such
as the make up of the sweat or exudate of the user.

The temperature sensor may be any suitable thermocouple.
Similarly, the biomechanical angulation sensor and the stress
and strain sensors may be any suitable sensor including a
conductive polymeric material or resistive change sensors
that change in electrical resistance as a result of changes in
angulation of parts of the body or forces such as the forces in
posterior and anterior sections of a ankle or knee joint.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the present invention will now be
described with reference to the accompanying drawings, of
which:

FIG. 1 is a perspective view of a sock having a detachable
housing containing re-useable components of an electrical
circuit that is fitted to the sock;

FIG. 2 is an underneath view of a pair socks that are
substantially the same as the sock shown in FIG. 1, each sock
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having a set of sensors that are located on the sock so that,
when the sock is worn, the sensors align with the metatarsal
and heel of the foot;

FIG. 3 is an enlarged cross-sectional view of one of the
sensors of the sock shown in FIG. 1 or 2;

FIG. 4 is a perspective view of the sock shown FIG. 1
without the detachable housing fitted to the sock;

FIG. 5 is a back view of the detachable housing shown in
FIG. 1,

FIG. 6 is a photograph of a sock substantially the same as
that shown in FIGS. 1 to 5;

FIG. 7 is a graph illustrating a set of results obtained using
the sock shown in FIG. 6;

FIG. 8 is a graph illustrating the changes in voltage mea-
sured across a wool polypyrrole pressure sensor;

FIG. 9 is a chart showing the compression properties of a
range of fabrics measured using a Hounsfield Jaw;

FIG. 10 is a graph illustrating the relationship between the
pressure measurements and an inverse of voltage squared of a
fabric sample treated with PEDOT;

FIG. 11 is a graph illustrating changes in voltage across a
sensor in the form of a wool fabric treated with PEDOT
located on the ball of a foot of a wearer during a trial;

FIG. 12 is a graph illustrating an enlarged view of the graph
of FIG. 11 over the time interval between 45 and 60 seconds;

FIG. 13 is a graph illustrating changes in voltage across a
sensor in the form of wool fabric treated with PEDOT located
on the heel of a foot of wearer during a trial;

FIG. 14 is a graph illustrating an enlarged view of the graph
of FIG. 13 over the time interval between 40 and 60 seconds;

FIG. 15 schematically illustrates a series of steps for manu-
facturing a fabric sensor treated with PEDOT;

FIG. 16 schematically illustrates the sole of a foot and toes
as if fitted with a series of pressure sensors; and

FIG. 17 is a bar graph illustrating a set of signals of the
sensors shown in FIG. 16 during a trial.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

An embodiment of the present invention will now be
described in detail with reference to a sock 10 shown in the
Figures. However, it will be appreciated that the present
invention may be embodied in any type of garment including,
but by no means limited to stockings, leggings, underpants,
long johns, singlets, inserts, inner socks, inner garments,
under garments or bandages and may also be applicable in
situations where the garment is used to cover the stump or
terminated limb of the amputee that is fitted into a prosthetic
limb.

The sock 10 according to the preferred embodiment has
been specifically configured to be a comprehensive analytical
and monitoring tool for patients having neuropathic or
orthotic conditions. The sock has been devised with sensors
that monitor biomedical movement and in particular measure
force or pressure at desired positions on the load bearing
surface, temperature of the patient’s foot and optionally,
stress or strain of the foot. Although it is beyond the scope of
the present invention, the data obtained from the sensors can
be analysed by a qualified health care practitioner.

The sock shown in FIG. 1 comprises conductive yarns 11
such as silver coated yarns sewn to the outside face of the
sock, sensors 12 located at the base of the sock 10 that may
align with the heel and metatarsal regions of a foot wearing
the sock 10, and a detachable housing 13 containing the
electrical circuitry located on the upper end of the sock 10.
Although it is possible that the yarns 11 may be elasticised

15

20

40

45

50

55

60

8

which will allow the sock 10 to stretch and flex, in the situa-
tion where the yarns 11 are not eclasticised, preferably the
yarns 11 are sewn to the sock in a manner that allows stretch-
ing, for example, in a zig-zag or s-shaped pattern that allows
the sock 10 to stretch and flex in the usual manner. The yarns
11 extend from the upper band of the sock 10 where the yarns
11 are arranged in pairs of terminating points 14 to the sensors
12 located on the base of the sock 10. As can be best be seen
in the FIG. 3, the yarns 11 are sewn, knitted or otherwise
incorporated into the sock 10 save for a length 15 of the yarn
closest to the sensors 12 that is free from the base of the sock
10. In essence, the free length 15 of the conductive yarn
allows the sensors 12 to be moved and positioned on the sock
10 at desired locations. The sensors 12 may be fixed in posi-
tion using releasable adhesive, micro hook and loop type
fasteners or an overlapping cover such as an adhesive tape that
retains the sensors 12 in the desired position.

As canbe seen in FIGS. 2 and 16, preferably three pressure
sensors 12a, 1256 and 12¢ are located in the triangular forma-
tion at the heel of the sock 10 and, in addition, three separate
sensors 12d, 12e¢ and 12fare located on the sock 10 that align
with the first, third and fifth metatarsal of a patient wearing the
sock 10.

In our view an important characteristic of the sensors 12
that they have a low or thin profile, preferably in approxi-
mately 0.5 mm or less and have surface area in the range of 50
to 100 mm?. One example of a pressure sensor 12 is a thin film
sensors sold under the trade name FLEXIFORCE® by Tek-
scan, Inc. An advantage in the using a thin film sensor 12 is
that the presence of the sensor 12 on the sock 10 does not
cause an increase in pressure in the foot, stump or any other
loading bearing surface that could cause an adverse physical
effect to a medical condition such as neuropathy.

Although not shown in the Figures, temperature sensors or
sensors for measuring any other physical or physiological
condition may also be fitted to the sock. Examples of suitable
temperature sensors are semi-conductor type sensors or RTD
type sensors or yarn and/or fabric type sensors.

The conductive yarns 11 extend from the sensors 12 at the
base of the sock 10 to an upper edge of the sock 10 where the
yarns end in pairs of terminating points 14. The terminating
points 14 are arranged side-by-side and align with co-oper-
ating pairs of contact points 16 located on the underneath side
of the detachable housing 13. Although not shown in the
Figures, an electrical conductive adhesive sold under the
trade name ARclad™ 8001 by Adhesive Research, Inc. Glen
Rock, Pa. 17327 is applied to either one or both of the termi-
nating points or the contact points of the detachable housing
13. In addition to electrical coupling, the detachable housing
13 is also secured to the upper portion of the sock 10 using any
conventional securing means such as buttons, straps and
buckles, co-operating hook and loop type fasteners and, as
illustrated in the FIGS. 4 and 5 press studs 17.

In order to allow the sock 10 to be worn by elderly, frail and
patients with impaired or compromised bodily movement,
preferably the detachable housing 13 is light weight and
suitably less than 200 grams in weight. If necessary, the top
band of the sock 10 can be reinforced with additional elastic
to prevent movement of the sock 10 and housing during
walking. Other means such as releasable adhesive or sticky
adhesive may also be employed to ensure that the top band of
the sock stays in a comfortable and working position. The
detachable housing 13 contains electrical circuitry suitable
for supply power to the sensors and receiving signals from the
sensors. For example, the housing 13 contains a rechargeable
battery, a processing unit that can be programmed with suit-
able algorithms able to be customised for particular applica-
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tions, data storage and if desired, a transmitter that wirelessly
sends signals to a host device or computer that the can further
process data of the sensors worn by one patient or multiple
patients wearing the sock simultaneously. The circuitry con-
tained in the housing 13 may be made using any standard
hardwiring.

Although it is ultimately dependant on the condition that is
being monitored, in the situation where the sensors are moni-
toring pressure we have found that a primary data sampling
rate of the sensors in the range of 500 to 1,500 Hz and suitably
approximately 1,000 Hz to provide ample data. The optimal
rate at which data from the sensors is sampled is dependant on
a number of factors including:

the size of the power source available; and

the nature of the data required to provide meaningful feed-

back to the health care practitioner.

In addition, the processing unit may carry out data modi-
fication or manipulation, for example, noise reduction, to
moderate the amount of the data required to be stored. In any
event, ideally the available data memory and power supply
are capable of the continuous operation for a period of at least
one day. The status of the patient’s condition can change over
the course of a day and, therefore, the device should be able to
operate for a period of at least one day.

The sock will have immediate application in the podiatry
and orthopaedic fields to provide extensive data regarding
walking behaviour with and without footwear and on all
surfaces. The sock may also be applied to specialised limb
socks in the prosthetic field. This data could be used to diag-
nose the onset of problems related to particular parts of the
foot or limb.

In neuropathic conditions, where there is a decline in the
efficiency of the venous system due to disease, the indication
from temperature and pressure sensors may be effective in
diagnosing problems. A change in walking behaviour, as a
person becomes less conscious about foot movement, due to
fatigue, or a decline in nervous response as a consequence of
their neuropathy, or certain risk walking patterns, is either not
detectable or not easily detectable by present devices. There
also may be footwear related issues that are not apparent from
current measuring systems.

Long term, time based, measuring of actual pressure at key
indicating points of a foot combined with temperature mea-
surements and other measurements like strain could provide a
strong indication of a degenerating condition that could result
in a pressure ulcer. In addition to the diagnostic function of
the sock there is provided a monitoring function via a means
to wirelessly transmit the data to local or remote systems. This
could provide warnings to the wearer or to care providers
about at risk conditions.

FIG.7 is a graph illustrating a set of data obtained using the
sock shown in FIG. 6. The graph illustrates data obtained
from pressures sensors located at the heel, fifth metatarsal,
third metatarsal, first metatarsal and big toe. The date shown
in the graph was obtained by the patient walking from a hard
concrete floor to a soft carpeted surface. The different sensor
responses provide a clear indication of the walking behaviour
and characteristics.

In addition, the sock could also provide a means to analyse
athletic behaviour for running, walking and jumping in time
based pressure, temperature and strain measurements. For
example running patterns under stress may provide an insight
into endurance levels, the onset of physical problems or a
means to correct or improve running action. This type of
analysis may assist in developing corrective solutions. The
data may also provide an analysis of the physical capability of
athletes as it could indicate a change in running or walking

20

40

45

50

55

10

patterns as the limits of endurance are reached. This could
provide valuable information for coaches.

In another example, rather that using the thin film sensor
described above it is possible for the sensor to be a substrate
having surfaces that are treated with a conductive polymer
such as polypyrrole or poly(ethylenedioxythiophene) (PE-
DOT) and has variable conduction or resistance depending on
the force applied to the substrate.

Those skilled in the art will appreciate that many modifi-
cations and variations may be made to the preferred embodi-
ment described above without departing from the spirit and
scope of the present invention.

The sock 10 may be any conventional sock 10 that has been
retro-fitted with the required elements according to the
present invention or alternatively a specialised sock that has
been purposely built. Moreover, the sensors may be fitted or
removably connected to a substrate in any form including
bandages, inserts that are worn under or over a conventional
item of clothing such as socks, stockings, underpants and
alike. For example, in the situation where the sensors are
monitoring pressure on a wearer’s feet, the substrate may be
in the form of a mini sock or ankle sock that only comes up to
the ankle of the wearer and a conventional sock is then fitted
over the mini or ankle sock.

According to another embodiment, any one or a number of
sensors for monitoring physical conditions such as tempera-
ture, stress, strain or angulation and/or sensors for monitoring
physiological conditions such as the make up or properties of
sweat and body exudate may be included.

According to yet another embodiment, it is possible that
the part of the electronic circuitry contained in the housing 13
may be in the form of printed electronic circuitry. The printed
circuitry may be contained wholly or partly within the hous-
ing or partly or wholly on the substrate.

FURTHER EXAMPLES

As described above, the present invention may be embod-
ied in any type of garment including, but by no means limited
to stockings, leggings, underpants, long johns, singlets,
inserts, inner socks, inner garments, under garments or ban-
dages and may also be applicable in situations where the
garment is used to cover the stump or terminated limb of the
amputee that is fitted into a prosthetic limb. In addition to the
analysis of foot or limb related activity, the garment may also
be used in a broad range of analysis or monitoring of medical
conditions.

An effective and widely used means for treating venous leg
ulcers and various wounds is application of pressure ban-
dages. As an example leg ulcers are a chronic condition
caused by a range of clinical disorders, either individually or
in combination but to a large extent are associated with under-
lying venous/arterial disease. The incidence of ulceration in
the population increases with ageing. Diabetes is a condition
that is a significant cause of ulceration.

Another condition where use of pressure garments or ban-
dages are useful is Lymphoedema, a chronic swelling of the
limbs due either to a poor lymphatic system that fails to
adequately drain fluids or can be the result of surgery or
radiotherapy. There is a high potential for development of leg
ulcers known as lymphatic obstruction oedema.

The use of compression bandages is now generally
accepted as an effective means to minimise or reverse the
negative vascular changes by forcing fluid from the interstitial
spaces back into the vascular and lymphatic systems. Gener-
ally though, the correctly applied pressure will be reduced
progressively up the limb or leg and it is usual that external
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compression bandages are applied in a graduated fashion,
with the highest pressure at the ankle.

However the actual pressure required remains a matter of
some debate as there is not currently a means to effectively
measure and monitor the pressure at the skin once bandages
have been applied and patients leave a clinician. Pressures
ranging from 15 to 50 mm of Hg have been described
although there is debate on what is appropriate for various
patients and their conditions. Pressures of about 40 mmHg at
the ankle are widely quoted in the literature for the prevention
or treatment of venous leg ulcers, but some authorities rec-
ommend values significantly higher than this.

The pressure exerted by any pressure bandage is deter-
mined by the elasticity of the fabric, the physical shape of the
limb, the number of fabric layers applied to the limb and the
manner of application.

There are many bandage systems, comprising 1 or more
layers, available for providing a pressure gradient. A bandage
correctly applied with constant tension to a limb of normal
proportions will automatically produce graduated compres-
sion with the highest pressure at the ankle. This pressure will
gradually reduce up the leg as the circumference increases.
However there is no uniformity in limb shapes and dimen-
sions so that there are great variations for patients that can
only be controlled by the expert experience of the clinician
applying the bandages. Too little pressure or an inadequate
gradient will be ineffective in the healing process, too high a
pressure can result in localised pressure points that could lead
to complications.

There is little actual pressure data to determine the effects
of pressure on the wide population affected by such condi-
tions and even less data available on the effect when an
individual moves from a supine to a standing position or sits
for extended time. For example if blood collects in the vessels
and sinuses of the lower leg, under the influence of gravity,
causes the volume of the leg to increase and is associated with
the formation of oedema, leg volume will increase and lead to
pressure changes.

It is dependant on clinicians who are expert in the choice of
products for particular patients and the optimum means for
applying any particular product to avoid these complications.

The present invention may be used in a broad range of
applications including bandages or pressure bandages in the
sense described above. One of the advantages provided by
this particular embodiment of the present invention is that
effective measurement of the pressures applied by pressure
bandages and a valuable means to determine the pressure
gradient created by any pressure bandaging system. In addi-
tion it can also provide a means to determine the performance
of pressure bandaging on patients while the bandages are in
use and the effect on the patient when moving from supine to
standing positions.

According to another embodiment of the present invention,
the garment may be in the form of a high stretch low pressure
producing fabric sleeve that can be readily applied to a
patient. The sleeve has a number of pressure and temperature
sensors and conducting circuits from each sensor to a com-
mon termination point at one end of the sleeve. As with the
sock the sensors/sleeve is able to be readily connected, or
disconnected from, to a removable electronics band or small
device that provides power for the sensors and is able to then
transmit the sensor data to a remote device for data analysis or
simple display. In another form the pressure and temperature
sensors are contained in a wrap around fabric to be used as a
first layer prior to application of the pressure producing ban-
dages.
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Once in place on a patient’s limb preferred pressure ban-
dages are applied in a manner to produce the desired pressure
gradient that is readily displayed as the bandages are applied.

It should be appreciated that this approach is not limited to
fabrics or sleeves directed at limbs but can be applied to other
garments. For example the sensors could be incorporated into
undergarments for use by paraplegics or quadriplegics to
sense the contact with seat or other surfaces to determine and
alert whether there are risks for developing pressure points
that could lead to complications.

The pressure sensors used in the present invention may be
in a number of different forms. For example, pressure sensors
from Tekscan are one form of sensor that can be used. An
alternative sensor is the type of sensor in which a substrate,
such as a substrate made from wool fibre, is treated with
conductive polymers such as polypyrrole or poly(ethylene-
dioxythiophene) (PEDOT).

Techniques for applying conductive polymers to flexible
substrates include, but are by no means limited to the follow-
ing known techniques: roll to roll coating, inkjet printing
dispersions and physical vapour deposition. Furthermore,
examples of two journal articles that describe techniques for
applying conductive polymers to a base fabric substrate suit-
able for use as a pressure sensor are as follows.

1. ADVANCES AND APPLICATIONS OF INHER-
ENTLY CONDUCTIVE POLYMER TECHNOLOGIES
BASED ON POLY (3,4-ETHYLENEDIOXYTHIOPHENE)
by Simpson et al, 2005 AIMCAL Fall Technical Conference
and 19 International Vacuum Web Coating Conference, Oct.
16-20, 2005

2. APPLICATION OF POLYPYRROLE TO FLEXIBLE
SUBSTRATES by Winter-Jensen, Clark et al.

The performance of fabric samples treated with a polypyr-
role and PEDOT will now be described in further detail.

FIG. 8 illustrates the test results of a wool fabric sensor
treated with a polypyrrole conductive polymer. The test was
carried out using a Labjack data collector to detect relative
responses between gentle taps, thumb pressure and sharp taps
applied to the fabric. As can be seen, the conductivity of the
material increases and thus the potential difference reduces
with pressure applied to the fabric.

The pressure sensing performance of a fabric treated with
a conductive polymer is to an extent dependant on the com-
pressibility performance of a fabric. The compression of fab-
ric can be measure in two forms, namely a static test in which
aweight is placed on the fabric and a dynamic test whereby a
weight is dropped onto the fabric.

A variety of fabric types were trialed to determine the
relative compression characteristics, with the thought that the
more compressible fabrics would have a better range as con-
ductive pressure sensors. A Hounsfield test equipment appa-
ratus HSOOOM was used to exert a controlled pressure (maxi-
mum applied weight=50 Kg or 530N) onto the chosen fabric
pieces and the compression noted. A calibration graph was
first prepared for jaw separation distance, to enable the rela-
tive fabric compressions to be calculated from the resultant
mV readings obtained at maximum possible compressions.
Once the device was calibrated the compression characteris-
tics for a set of different fabrics was measured. The compres-
sion characteristics of a set of fabrics tested is set out in FIG.
9. Fabrics having poor total compression were determined to
be unsuitable for treatment with a conductive polymer. Abso-
Iute compression heights of at least 1.0 mm where determined
to be the most suitable.

A PEDOT wool sensor was constructed in accordance with
the sequence of steps set out in FIG. 15 and then tested. The
step 1 involves applying a conductive polymer a section of
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sock fabric identified by reference numeral 20 in accordance
with techniques such as those discussed in the above journal
articles. Conductive threads in the form of silver coated
threads 21 are spaced approximately 5 mm apart are then
sewn into the conductive polymer section and non-conductive
thread 22 is sewn around the outside of the conductive mate-
rial. A lightweight greaseproof paper 23 is then folded over
the sensor to form a paper envelope over the sensor. A water-
proof medical gown fabric 24 is then wrapped around the
sensor. Finally excess material is cut away from the sensor.

Static tests were then conducted on the sensor shown in
FIG. 15 over a range of different pressures using a Hounsfield
Jaw apparatus. The results obtained show a relationship
between the pressure applied and 1/V? which is illustrated by
the graph in FIG. 10.

Two identical sensors constructed in accordance with FIG.
16 were then located in the ball and heel of a wearer in the
weight range of 65 to 70 kg and then asked to perform a series
of separate movements. FIG. 11 illustrates the results
obtained of a sensor located at the ball of the wearer’s foot
when requested to carry out activities. Specifically, the initial
dips between 10 and 15 seconds indicate the wearer transfer-
ring all of their weight between standing on two feet and
standing on one foot fitted with the sensor. The interval
between 30 and 40 seconds represent a wearer taking the
weight off their heels and the interval from 40 to 60 seconds
represents a wearer marching while the interval from 63
second to 70 seconds presents the wear hopping. FIG. 12 is an
enlarged view of FIG. 11 over the interval 45 to 60 seconds.

FIG. 13 illustrates the response obtained from a sensor
located at the heel of the wearer while the wearer performs a
series of different movements. In particular, during the inter-
val 15 to 25 seconds, the wearer transfers their weight from a
position in which their weight is evenly distributed on their
feet to a position in which their weight is unevenly distributed
to the heel followed by a rocking motion forward and then
finally back again onto the back of the heel. The interval from
28 to 35 seconds represents the wearer rocking from side to
side. The interval from 40 to 50 seconds represents the
response from the marching and the interval from 55 to 60
seconds represents the response obtained during hopping on
two feet.

FIG. 14 is an enlarge view of the response during marching
and hopping activities during the interval from 40 to 55 sec-
onds.

A trial was then run in which both PEDOT fabric sensors
and Tekscan Flexiforce sensors were operated simulta-
neously. The trial involved 3 single PEDOT jersey sensors
placed on the inner and outside heel positions, namely posi-
tions H1 and H2 in FIG. 16 and a double interlock knit
PEDOT sensor placed in the middle heel position H3. Tek-
scan sensors were placed on the remaining foot pad and big
toe position, identified in FIG. 16 as M1, M2, M3 and BT. The
trial was carried out by the sock being worn around the
laboratory, for a period of 1.5 hours.

FIG. 17 is a graph showing an instantaneous output for the
sensors in order of Left to Right: H3, H2, H1, M3, M2, M1
and BT.

At the end of the trial all sensors were tested using the
Hounsfield Jaw apparatus and all were measured as having
pressure responses as a function which caused an inverse
voltage change. Thus, all sensors were shown to be respon-
sive and still in working order after the trial.

The claims defining the invention are as follows:
1. A system that is wearable by a person to monitor or sense
pressure, the system including:
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a) a flexible substrate in the form of a garment that can be
worn by or fitted directly or indirectly to surfaces of the
person subject to loads or pressure; and

b) at least one pressure sensor fixed to the substrate or
movably connected to the substrate, with leads extend-
ing, from each pressure sensor, the leads terminating, in
contact surfaces located on an external surface of the
flexible substrate and spaced a distance from an edge
boundary of the flexible substrate.

2. The system according to claim 1, wherein the at least one
pressure sensor has a low profile that is equal to or less than
5.0 mm in thickness.

3. The system according to claim 2, wherein the at least one
pressure sensor has a low profile that is equal to or less than
0.5 mm in thickness.

4. The system according to claim 1, wherein the at least one
pressure sensor is held in position on the substrate using either
one or a combination of adhesive materials, hook and loop
type fasteners, clasps or other mechanical fasteners that have
a low profile.

5. The system according to claim 1, wherein the at least one
pressure sensor comprises a material selected from the group
consisting of: conductive yarns or threads and metal coated
threads or yarns, and wherein the at least one sensor com-
prises substantially inert electrodes to measure a change in
electrical potential difference across the sensor.

6. The system according to claim 1, wherein the at least one
pressure sensor comprises a material selected from the group
consisting of: conductive yarns or threads and conductive
polymers that are spaced apart by a spacing in the range of 2
to 15 mm in a direction transverse to the direction in which the
substrate compresses.

7. The system according to claim 1, wherein the at least one
pressure sensor has an area substantially transverse to a direc-
tion of pressure application that is equal to or less than 400
mm?>.

8. The system according to claim 1, wherein the at least one
pressure sensor is used for monitoring biomechanical move-
ment of the person’s foot and the at least one pressure sensor
is located at a heel, metatarsal or arch region of the person’s
foot.

9. The system according to claim 1, wherein the substrate is
a garment in the form of one of socks, stockings, underpants,
long johns, a singlet, leggings, inserts, inner socks, inner
garments, under garments, tubular sleeves, or garments used
to cover a stump or terminated limb of an amputee.

10. The system according to claim 1, wherein the at least
one pressure sensor can be used to monitor the level of pres-
sure applied to the person by an external source, and the
flexible substrate is in the form of a compression garment.

11. The system according to claim 1, additionally compris-
ing electrical circuitry that receives signals from the contact
surfaces located on the substrate that communicates with the
at least one pressure sensor, wherein the electrical circuitry is
provided in a first housing that is connectable to and discon-
nectable from the contact surfaces located on the substrate as
desired.

12. The system according to claim 11, wherein the circuitry
provided in the first housing includes reusable components of
an electrical circuit including:

signal conditioning components; data storage; data pro-
cessing units; and data transmission units.

13. A garment that is wearable by a user to monitor or sense
pressure either separately or in combination with any one or
more of temperature, stress, strain, angulation or as physi-
ological condition, the system including;
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a) a flexible substrate: that can be worn by, or fitted directly
or indirectly to surfaces of a user subject to pressure or
forces; and

b) at least one discrete pressure sensor that is fixed to the
substrate or movably connected to the substrate having
conductive leads that are sewn, knitted or woven to the
substrate and terminate in contact surfaces located on an
external surface of the substrate and spaced a distance
from an edge boundary of the substrate, wherein the
substrate and sensors can be worn directly or indirectly
against surfaces of the user and the sensors can be posi-
tioned at desired locations without causing an increase
in pressure on load bearing surfaces as result of the
presence of the pressure sensors.

14. A method of monitoring or treating a subject, the

method including the steps of:

placing a garment comprising a flexible substrate having
one or more discrete pressure sensor(s) with conductive
leads terminating in contact surfaces located on an exter-
nal surface of the substrate and spaced a distance from an
edge boundary of the substrate in contact with the but-
tock, hand, or limb of the subject;

mounting circuitry containing cooperating contacts that
electrically connect to the contact surfaces located on
the garment to position the circuitry on the garment
substrate; and

monitoring the pressure readings attributable to either the
weight of the patient or the pressure applied externally to
the subject.

15. The method according to claim 14, comprising placing

a pressure sensitive garment in contact with the foot of the
subject, wherein the at least one discrete pressure sensor is
located on a part of the subject’s foot including a ball, heel or
toe of the subject’s foot.

16. The method according to claim 14, additionally com-
prising positioning contact surfaces of a detachable housing
in contact with the contact surfaces located on the external
surface of the garment, wherein the detachable housing addi-
tionally comprises data storage and data transmission capa-
bility.

17. The garment of claim 13, wherein the at least one
discrete pressure sensor is in the form of material located in at
least one discrete area of the garment.

18. The garment claim 13, wherein the substrate comprises
a woven fabric, a non-woven fabric, or a knitted fabric.

19. The garment of claim 13, wherein the substrate is in the
form of a sock comprising a knitted, woven or non-woven
substrate.

20. The garment of claim 19, wherein the sock covers the
foot up to the ankle and not the lower calf of the user.

21. The garment of claim 20, wherein the contact surfaces
are adjacent an opening of the sock.

22. The garment of claim 13, wherein the leads are sewn,
knitted or woven to the substrate, whereby the substrate can
flex and/or stretch in substantially the same manner as if the
leads were absent.

23. The garment of claim 13, additionally comprising a
temperature sensor.

24. A method for long term, time-based monitoring of
pressure exerted by or against a body area of a user, compris-
ing: placing a garment comprising at least one discrete pres-
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sure sensor with conductive leads terminating in contact sur-
faces located on an external surface of and spaced a distance
from an edge boundary of the garment in contact with the
buttock, hand, foot or limb of the user; positioning contact
surfaces of a detachable housing in contact with the contact
surfaces located on the garment, wherein the detachable
housing additionally comprises data storage and data trans-
mission capability; and monitoring pressure readings attrib-
utable to either the weight of the user or pressure applied
externally to the user at locations corresponding to the one or
more discrete pressure sensor(s).

25. The method of claim 24, wherein the garment is a sock
and the contact surfaces are positioned adjacent an opening of
the sock.

26. The method of claim 24, wherein the garment is
selected from the group consisting of stockings, leggings,
underpants, long johns, singlets, inserts, inner socks, inner
garments, undergarments, and garments used to cover a
stump or terminated limb of an amputee.

27. The system according to claim 1, wherein the leads
comprise conductive fibers, yarns, threads or ribbon that are
sewn, knitted or woven into the substrate.

28. The system according to claim 27, wherein the leads are
elastic or resiliently deformable.

29. The system according to claim 1, wherein the leads are
supported on the substrate so as to move between a corrugated
or tortuous condition when the substrate is not flexed or
stretched and an at least partially straightened condition when
the substrate is flexed or stretched.

30. The system according to claim 1, wherein the contact
surfaces align with cooperating contact points located on a
detachable housing.

31. The system according to claim 30, wherein the detach-
able housing contains electrical circuitry for supplying power
to and receiving signals from the at least one pressure sensor.

32. The system according to claim 30, wherein the detach-
able housing curtains a rechargeable battery.

33. The system according to claim 30, wherein the detach-
able housing contains a processing unit programmed with
algorithms.

34. The system according to claim 30, wherein the detach-
able housing contains a transmitter that wirelessly sends sig-
nals to a host device or computer.

35. The system according to claim 30, wherein the flexible
substrate is in the form of a sock and the detachable lousing is
mountable to an upper portion of the sock.

36. The system according to claim 1, additionally compris-
ing at least one additional sensor capable of monitoring at
least one of: temperature, stress, strain, angulation and a
physiological condition of the person.

37. The system according to claim 1, wherein the at least
one pressure sensor comprises a surface treated with a mate-
rial having a variable resistance depending on the force
applied to the substrate.

38. The system according to claim 37, wherein the material
is a polymeric material comprising polypyrrole or poly(eth-
ylenedioxythiophene).

39. The system according to claim 1, wherein the at least
one pressure sensor comprises a thin film sensor.
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